Abstract Based on the measured sizes of broad line region of the reverberation-mapping AGN sample, two new empirical relations are introduced to estimate the central black hole masses of radio-loud high-redshift (z > 0.5) AGNs. First, using the archival IU E/HST spectroscopy data at UV band for the reverberation-mapping objects, we obtained two new empirical relations between the BLR size and Mgii /Civ emission line luminosity. Secondly, using the newly determined black hole masses of the reverberation-mapping sample for calibration, two new relationships for determination of black hole mass with the full width of half maximum and the luminosity of Mgii /Civ line are also found. We then apply the relations to estimate the black hole masses of AGNs in Large Bright Quasar Surveyq and a sample of radio-loud quasars. For the objects with small radio-loudness, the black hole mass estimated using the R BLR −L MgII/CIV relation is consistent with that from the R BLR − L 3000Å/1350Å relation. But for radio-loud AGNs, the mass estimated from the R BLR − L MgII/CIV relation is systematically lower than that from the continuum luminosity L
INTRODUCTION
Black hole masses of high-redshift AGNs (z > ∼ 1) are essential to understand the early history of the universe and the formation of supermassive black holes. The mass of black hole can be estimated by M BH ∼ R BLR V 2 /G assume that gas around a black hole is virialized. Here V is the characteristic velocity of BLR gas at distance R BLR from the center of a AGN Peterson 1993) , G is the gravitational constant. The velocity can be estimated from V F W HM (full width at half maximum) of emission lines. For randomly distributed BLR clouds, V = ( √ 3/2)V F W HM . The exact scale factor between V and V F W HM depends on the structure, kinematics, and orientation of BLR McLure & Dunlop 2001; Wu & Han et al. 2001; Zhang & Wu, 2002) . Taking practical parameters, the virial mass of a black hole can thus be expressed in the form of (see Kaspi et al. 2000) M BH = 1.464 × 10
The reverberation mapping technique is the most important method to study the geometry and kinematics of gas in BLR (Blandford & McKee 1982; Peterson 1993 Peterson , 2000 Horne et al. 2004 ). The BLR size, R BLR , can be deduced from time delay of luminosity variations of broad emission lines, often Hβ emission line (see Peterson et al. 2004 and references therein), relative to that of ionizing continuum. In principle, this technique can be applied to any AGN. In practice, monitor observations of AGNs for the time delay are very time-consuming as it can have a time scale of weeks, months or even years. Up to now, only 20 Seyfert 1 galaxies and 17 nearby quasars (Kaspi et al. 2000; Wandel et al. 1999; Peterson et al. 1998; Santos-Lleo et al. 2001 ) have been well monitored in the reverberation-mapping studies.
To ease the problem, Kaspi et al. (2000) first successfully obtained an empirical relation between BLR sizes of AGNs in the reverberation mapping sample and optical continuum luminosites at 5100Å, i.e. the R BLR − λ L λ (5100Å) relation, which can be used to estimate BLR size. Peterson et al. (2004) recently have re-analyzed the reverberation mapping data for 35 AGNs (after PG 1351+640 and PG 1704+608 were omitted) and obtained the improved time delays and hence BLR sizes and black home masses.
Using the improved BLR sizes in Peterson et al.(2004) and the new cosmological model, Kaspi et al. (2005) recently investigated the relation between BLR sizes and luminosities of Hβ line and continuum at 5100Å, 1450Å, 1350Å and 2-10 keV. Specifically, they found
0.67 ± 0.05 with about 40% intrinsic scatter. The mass of black hole ⋆ E-mail: kmz@bao.ac.cn of a low-redshift (z < ∼ 0.8) AGN can thus be easily estimated using the above relation on R BLR and V F W HM (Laor 2000; McLure & Dunlop et al. 2001; Wandel 2002; Wu & Liu 2004) . For objects at higher redshift (0.8 < ∼ z < ∼ 2.5), as McLure & Jarvis (2002) (Peterson & Wandel 2000) . This suggests a possibility to determine the black hole mass using the line properties and/or continuum luminosity at short wavelength around Civ λ1549 (Vestergaard 2002 In most cases, the observed continuum luminosity of an AGN is mainly contributed from its nucleus. But some fraction of the continuum comes from the nonthermal emission of jet and host galaxy. Especially for radio-loud quasars and BL Lac objects, jets could contribute significantly to the continuum radiation. Jet emission has so far been detected in all kinds of radio sources at optical/UV/X-ray/γ-ray band (Jester 2003 Scarpa et al. 1999 ). To diminish the jet contribution, as well as the continuum radiation from host galaxies (though it is much weaker than the AGN), the line luminosity should be used to deduce the R BLR − L relation. have suggested a new relation between the BLR size and the Hβ emission line luminosity, and have shown that, for radio-loud AGNs, black hole masses estimated using such a new relation are systematically lower than those derived using the R BLR − λ L λ (5100Å) relation. We noticed that the relations for R BLR with the continuum luminosity, as obtained in Kaspi et al. (2005) , were deduced from the 35 reverberation mapping AGNs. Most of them are radio-quiet objects and only five of them, including PG 1704+608, with radio-loudness greater than 10 and only one object, PG 1226+023 (3C 273), have radio-loudness greater than 1000 (see Nelson 2000) . Therefore the presence of a few radio-loud objects only has minor effect to the R−L relationships. The R−L relation derived from the reverberation mapping AGN sample therefore is not the best to estimate black hole masses of radio-loud objects for the reasons we mentioned above.
Similar to that of Hβ line, the Mgii , Civ line luminosities may be the better tracers to the ionizing luminosity for radio-loud AGNs than the UV continuum luminosities.
Although the detailed line radiation mechanisms are different, with Hβ being a recombination line and Mgii , Civ being collisionally excited lines, these three lines are all permitted lines produced by the photo-ionization process. Therefore we expect that the luminosities of these lines can all trace the ionizing luminosity but with different calibration factors. In fact, we have investigated the correlations between the Mgii , Civ line luminosities and the continuum luminosities or Hβ line luminosity for the reverberation mapping AGNs, and found that the correlation coefficients are all greater than 0.9.
The main purpose of this work is to find relations between the BLR size and the Mgii , Civ emission line luminosity which can be used to estimate black hole mass for high-redshift radio-loud AGNs. We will compare the black hole masses obtained using, respectively, the relation between the BLR size and the UV line luminosity, and that between the BLR size and the UV continuum luminosity, and then examine whether the black hole masses for radio-loud high-redshift objects are systematically overestimated using the UV continuum luminosity.
In Sect.2, we present the spectral measurements of the Mgii , Civ emission lines obtained from archival UV data of IU E/HST observations for the reverberation-mapping
AGNs. In Sect.3, we investigate the relations between the BLR size and Mgii , Civ emission line luminosity using data for the reverberation-mapping AGNs. In Sect.4, we apply the relations to other AGN samples for black hole mass estimation, and compare the black hole masses obtained by using different relations. In Sect.5, we present our conclusions and discussions.
Throughout the paper, a cosmological model, with H 0 = 70 km s
3, has been adopted.
DATA FOR THE REVERBERATION-MAPPING AGNS
To investigate possible relations between the BLR size and Mgii , Civ emission line luminosity, we collect data for reverberation-mapping AGNs. We take the average BLR size values for 35 AGNs in Peterson et al. (2004) obtained from the time delay of Hβ line.
There is no systematically measurements of the luminosities of Mgii , Civ emission lines for reverberation-mapping AGNs in the literature. We have measured them ourselves using the UV spectra from the IUE or HST archive. The spectra of most objects are available from IU E, and a few from HST . We measured the Mgii emission lines for 27 objects and Civ emission lines for 33 objects.
Data reduction consists of several steps. First, all AGN spectra have been extinctioncorrected following a method given by Cardelli et al. (1989) and shifted to the rest frame using the IRAF software. Secondly iron emission features in each spectrum were subtracted and the continuum is fitted with a power-law. Thirdly the FWHM and the flux of Mgii and Civ emission lines were measured.
Iron emission subtraction and continuum fitting
Without subraction of iron emission in UV/optical spectra of AGNs, the accuracy of measurements of emission lines as well as the continua ( Assuming the relative strength of iron lines (i.e. a template) are the same for all AGNs, Boroson & Green (1992) have developed a method to fit and remove iron lines in optical spectra (in the rest frame) of quasars. Vestergaard & Wilkes (2001) developed an iron template in the UV band from 1250Å to 3090Å (in the rest frame) using HST spectra of a narrow line Seyfert galaxy, I Zwicky 1, which has rich iron emission lines.
They found that the template works well for eliminating the iron emissions from spectra of a few quasars. We followed the similar procedures as Vestergaard & Wilkes (2001) to subtract the iron emission using their iron template, and simultaneously fit a power law to several continuum windows from 1000Å to 3100Å without obvious emission lines or F eii emissions (see Table 2 from Kuraszkiewicz et al. 2002) . We finally determined the flux at 3000Å or 1350Å from iron-subtracted spectrum.
Civ and Mgii emission line measurements
Now we try to obtain the emission line properties from the clean-spectrum that both the iron emissions and the fitted continuum were subtracted. Gaussian absorption component is added in fitting. We ignore the asymmetry of Civ profiles often seen in subtracted spectra, which may be induced by a relative broad emission line such as Heiiλ 1640 and Oiii]λ 1663 in the red-wing or an absorption line in the blue-wing, as we believe that their net effect in fitting result is small. We measure the line width from each spectrum, and then take the average for the FWHM of Mgii and Civ emission lines (see Columns 4 and 7 in Table 1 ). We adopted an uncertainty of 20 percent if only one spectrum is available for an object. We did not measure and take the line dispersion (the second moment of the profile) as an alternative to the FWHM, which was suggested by Peterson et al. (2004) and Fromerth & Melia (2000) , mainly because the line dispersion agrees well with the FWHM in the limit of a Gaussian line profile.
As mentioned above, in most cases of our measurements one Gaussian component can provide a satisfactory fit to the line profile. Fluxes obtained by direct integration over the observed emission line profile of the clean-spectrum were adopted.
In Table 1 , we list all data used or obtained in this paper. The columns are object name (1), R BLR (2) and the black hole mass (3) from Peterson et al. (2004) , the FWHM (4) and luminosity (5) of Mgii , the luminosity of continuum at 3000Å (6), the FWHM (7) and luminosity (8) of Civ , the continuum luminosity at 3000Å (9). Data from column (4) to column (9) are our measurements (see the following sections), and the number of the good spectra used is given in columns (10) and (11) with marks indicating which archive of the spectra.
NEW EMPIRICAL RELATIONS FOR BLACK HOLE MASS ESTIMATIONS
We first try to establish the relations between the BLR size and the luminosity of Mgii , Civ emission line, using data of the reverberation mapping AGNs obtained above. These relations can be used to estimate the BLR size of high-redshift AGNs from measurements of the luminosity of Mgii , Civ emission line, as we will do in the next section. Together with the BLR velocity obtained from the line-width, the black hole masses of high-redshift AGNs can be estimated. In this section, we will also use the known masses of black holes of the reverberation mapping AGNs to "calibrate" the empirical relations.
Relationships between the BLR size and Mgii , Civ emission line luminosity of the reverberation AGNs
We take the value of the BLR size of the reverberation mapping sample from Peterson et al. (2004) and the UV line luminosities measured above to investigate their relations.
As shown in Fig. 1 for the Mgii line luminosities of 27 AGNs and Fig. 2 for the Civ line 
Given the uncertainties, the slopes are slightly larger than but still consistent with the value 0.5 expected from a simple photo-ionization model for the BLR.
We also investigated the relations between the R BLR and the continuum luminosity λ L
3000Å
or λ L 1350Å using our measurements in Table 1 , and obtained the following relations, log R BLR lt.days = (1.27 ± 0.10) + (0.58 ± 0.10) log( L 3000Å 10 44 erg s −1 ),
log R BLR lt.days = (1.15 ± 0.14) + (0.56 ± 0.12) log( L There is a well-known relationship between the equivalent width of Civ broad emission line and the 1350Å continuum luminosity of AGNs (Baldwin 1977) . This so-called
, with a typical value of α ∼ 0. , which is exactly shown in Eq.(4).
Exclusion of four radio loud objects (R > 10) from the 35 AGNs in the reverberation sample in Kaspi et al. (2005) , i.e. 3C 120, 3C390.3, IC 4329A and PG 1226+023, only causes a small change for the slope of R − L relations derived by Kaspi et al. (2005) and by us, because the sample is dominated by 31 radio quiet objects (Nelson 2000) .
Black hole mass estimate and calibration
The mass of a black hole can be determined by the R BLR and the velocity at this radius.
The best is to use the time delay of variation of the Hβ line to determine the R BLR , and also use the Hβ line-width for the velocity estimate. In this paper, to estimate the black hole mass, we will use the R BLR calculated from luminosities of Mgii and Civ lines using 
We also tried to estimate the black hole masses using the R BLR estimated from continuum luminosities at 3000Å and 1350Å and the FWHM of Mgii and Civ lines. We got the following relations:
Note Eq. (7) is similar to the Eq. (7) 
BLACK HOLE MASS ESTIMATION FOR SEVERAL AGN SAMPLES
The relations obtained in last section for UV lines can be used to estimate black hole masses of high redshift AGNs. For radio loud objects, as argued in , jets could affect the estimate of R BLR from the continuum luminosities. Therefore, our relations in Eqs. (1), (2), (5) and (6) We also obtained the radio-loudness for these quasars. Radio-loudness is originally defined as the ratio between the radio flux density at 5 GHz and optical flux density at B band (4400Å) (Kellermann et al. 1989) . We adopt B J magnitude (Hewett et al. 1995) as an approximation of B band magnitude, which only yields an increase of 0.03 in log R on average as Hewett et al. (2001) got the mean B − B J ≃ 0.07. The optical luminosity at 4400Å at the rest frame of a source were calculated by assuming an optical Schmidt & Green 1983) . For radio data, we made the cross-identifications of quasars to sources in the catalog of the NRAO VLA Sky Survey (Condon et al. 1998 ) and found radio counterparts for 84 quasars with Mgii line measurements and 60 quasars with Civ line measurements. The flux density observed at 1.4 GHz was then scaled to flux at 5 GHz at the rest frame of a source by roughly assuming a radio continuum slope of 0.5. So-obtained optical and radio data were used to calculate the radio loudness.
Data for LBQS sample
continuum slope of 0.3 (f ν ∝ ν − α ,
Data for a composited sample of radio loud AGNs
Celotti et al. (1997) collected a radio-loud sample to investigate the relation between the broad-line emission and the central engine of AGNs. Similarly, Cao & Jiang (1999) assembled a sample of radio-loud quasars and BL Lac objects from 1−JY S4 and S5 radio source catalogs to investigate the relations between the broad emission line luminosity and jet power. Barthel et al. (1990) presented optical spectra of 67 radio-loud quasars (1.5 < z em < 3.8) and measured the line properties, including Mgii and Civ lines.
Recently Constantin et al. (2002) observed the Civ emission line properties of 34 quasars at high-redshift (z > 4).
Using all these data, we composite a sample of radio-loud AGNs. We thus got 126 radio-loud AGNs with the Mgii line luminosity and 164 AGNs with the Civ line luminosity. While, the FWHM data of the Mgii line are only available for 86 objects, and Civ line for 92 objects. The radio-loudness of these AGNs were estimated using the data of available from NED, and also K-corrected assuming an optical spectral index of 0.3.
Radio flux density is also K-corrected assuming a slope of 0.5 if no radio spectral index is available in literature.
Black hole masses from the
We got 210 AGNs with the Mgii measurements from two samples. But M BH (Mgii ) and M BH (3000Å) can be estimated using the relations in Eqs. (1), (3), (5) and (7) for 170 objects of them having the available FWHM data of the Mgii line.
Now we investigate the correlation between the mass ratio, M BH (Mgii )/M BH (3000Å), and the radio-loudness for the 210 AGNs. For this purpose, the FWHM data are not necessary because M BH (Mgii )/M BH (3000Å) calculated from Eqs. (5) and (7) only depends on the ratio of L MgII and L
3000Å
. As shown in Fig. 5 , when the radio-loudness is small, black hole masses estimated from luminosities of line and continuum are statistically identical. When the radio-loudness increases, the mass ratio tends to be more scattered and systematically lower than 1.0. Specifically, the mass ratio is less than 0.4 for five BL Lac objects (S5 1803+78, 4C 56.27, PKS 0537-441, PKS 1144-379, PKS 2029+121). is confirmed again that the continuum luminosity is not a good indication of ionizing luminosity due to the possible jet contribution.
DISCUSSIONS AND CONCLUSIONS
Black hole masses of AGNs can be estimated either from the relations between the BLR size and UV emission line luminosity or the relations between the BLR size and UV continuum luminosity. We have obtained the new empirical relations between the BLR The so-obtained black hole masses were compared to those obtained using the relations between the BLR size and UV continuum luminosity (see Eq. (7), Eq. (8) We have compared the black hole masses of LBQS quasars estimated using Eq. (5) and Eq. (6) It is important to understand the uncertainties of data used to obtain the relations presented in this paper. These uncertainties come from the errors of the measured BLR size, the variation of emission line flux and the line FWHM, and the different inclination of the BLR. These factors have been already discussed by Wu & Liu (2004) . The BLR inclination will not affect the results in this work since the black hole mass ratio M BH (Mgii )/M BH (3000Å) and M BH (Civ )/M BH (1350Å) has nothing to do with inclination. The plots for the BLR size and luminosity seem to have a larger scatter for lower luminosity objects (see Fig. (1) and Fig. (2) ), which can also be seen in previous studies (Kaspi et al. 2000; ). More data of the low luminosity AGNs, especially with fu- Barth et al. 2003) . However, the relations for R BLR in Eq.(1,2,3,4) were obtained from the AGNs in reverberation sample, most of which are not very luminous and radioquiet AGNs. We need to be caution if the black hole masses of these high redshift quasars are overestimated, especially when they are radio-loud objects. Indeed, a few high-z quasars have been already identified as radio-loud quasars (Fan et al. 2001; Momjian, Petric & Carilli 2004) therefore, further checks on the validity of suggested R-L relations for AGNs at high redshift or with large luminosity ones or large radio-loudness are still needed. 
